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Abstract 

Background: In the anatomic double-bundle ACL reconstruction, 2 fennoral tunnel positions are particularly critical 
to obtain better clinical results. Recently, a few studies have reported quantitative identification methods for 
posterolateral (PL) bundle reconstruction. Concerning anteromedial (AM) bundle reconstruction, however, no 
quantitative clinically available methods to insert a guide wire at the center of the direct attachment of the AM 
mid-substance fibers have been reported to date. 

Methods: First, we determined the center of the femoral attachment of the AM mid-substance fibers using 38 
fresh frozen cadaveric knees. Based on this anatomical sub-study, we developed a quantitative clinical technique to 
insert a guide wire at the averaged center for anatomic double-bundle ACL reconstruction. In the second clinical 
sub-study with 63 patients who underwent anatomic ACL reconstruction with this quantitative technique, we 
determined the center of an actually created AM tunnel. Then, we compared the results of the second sub-study 
with those of the first sub-study to validate the accuracy of the quantitative technique. In both the sub-studies, we 
determined the center of the anatomical attachment and the tunnel outlet using the "3-dimensional clock" system. 
The tunnel outlet was evaluated using the "transparent" 3-dimensional computed tomography. 

Results: The averaged center of the direct attachment of the AM bundle midsubstance fibers was located on the 
cylindrical surface of the femoral intercondylar notch at "10:37" (or "1:23") o'clock orientation in the distal view and 
at 5.0-mm from the proximal outlet of the intercondylar notch (POIN) in the lateral view. The AM tunnel actually 
created in ACL reconstruction was located at "10:41" (or "1:19") o'clock orientation in the average and at 5.0-mm 
from the POIN. There was no significant difference between the 2 center locations. 

Conclusions: The quantitative technique enabled us to easily create the femoral AM tunnel at the averaged center 
of the direct attachment of the AM bundle midsubstance fibers with high accuracy. This study reported information 
on the geometric location of the femoral attachment of the AM bundle and a clinically useful technique for its 
anatomical reconstruction. 
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Background 

The anterior cruciate ligament (ACL) consists of two main 
bundles, the anteromedial (AM) and posterolateral (PL) 
bundles, which have different functions [1-6]. Anatomical 
studies have shown that the attachment of the AM and 
PL bundles can be divided into two parts: the direct at- 
tachment of the mid-substance fibers, and a wide fan-like 
attachment of the extension fibers posterior to the mid- 
substance fibers [7-10]. Biomechanical studies have shown 
advantages of anatomic double-bundle ACL reconstruc- 
tion, in which 2 femoral tunnels were created at the center 
of the direct attachment of the AM and PL mid-substance 
fibers, respectively [11-15]. In the clinical field, many clin- 
ical studies have reported that the anterior and/or rotatory 
stability of the knee was significantly better with the ana- 
tomic double-bundle ACL reconstruction than with the 
single-bundle reconstruction [16-22]. However, the utility 
of the anatomic double-bundle reconstruction has not yet 
been established [23-26]. 

In the anatomic double-bundle ACL reconstruction, 2 
femoral tunnel positions are particularly critical to ob- 
tain better clinical results [22,27]. Therefore, it is im- 
portant to develop a clinically available quantitative 
method to precisely insert a guidewire at the center of 
the direct attachment of the AM and PL mid-substance 
fibers. Recently, a few studies have reported quantitative 
identification methods for PL bundle reconstruction 
[15,28,29]. Concerning AM bundle reconstruction, how- 
ever, no quantitative clinically available methods to in- 
sert a guidewire at the center of the direct attachment of 
the AM mid-substance fibers have been reported to 
date. Several anatomical studies have quantitatively mea- 
sured the location of the center of the AM bundle at- 
tachment using 2-dimensional measurement systems, 
such as the quadrant grid system [29-32]. However, 
those systems cannot be clinically applicable to arthro- 
scopic surgery. Recently, it has been pointed out that the 
Residents ridge is located at the anterior border of the 
ACL attachment [8,33]. However, no studies have shown 
a quantitative method to insert a guidewire using the 
ridge as a reference in anatomical AM bundle recon- 
struction. Thus, at this point in time, surgeons have to 
subjectively determine the insertion point of a guidewire 
in an arthroscopic visual field to anatomically recon- 
struct the AM bundle. This fact may result in the wide 
variation of the location of the femoral tunnel created 
for AM bundle reconstruction reported in the literature 
[8,15,28,34,35]. 

Thus, we intended to develop a clinically available quan- 
titative method to insert a guidewire at the averaged cen- 
ter of the direct attachment of the AM mid-substance 
fibers. Previous anatomical studies have shown that the 
AM mid-substance fibers attach on the lateral femoral 
condyle close to the "proximal outlet of the intercondylar 



notch (POIN)", which appears to be circular in the axial 
view [7,9,36]. We have defined this 3-dimensional coord- 
inate system as "3-dimensional clock system". There is a 
strong possibility that the 3-dimensional clock system is 
useful in ACL reconstruction surgery to quantitatively 
locate a femoral tunnel at the center of the AM bundle at- 
tachment. However, this possibility has not been verified 
in clinical studies. 

Thus, we have conducted a multi-disciplinary study to 
develop a quantitative technique in order to create a 
femoral tunnel at the averaged center of the AM bundle 
attachment in anatomic double-bundle ACL reconstruc- 
tion, using the 3-dimensional clock system. This study is 
composed of anatomic and clinical sub-studies. The pur- 
pose of the first anatomical sub-study using 38 cadaveric 
knees is to determine the averaged location of the center 
of the femoral attachment of the AM mid-substance 
fibers using the 3-dimensional clock system in observa- 
tion from the distal direction. Then, based on the results 
of the first sub-study, we have developed a quantitative 
technique to insert a guidewire at the averaged center of 
the AM bundle attachment in anatomic double-bundle 
ACL reconstruction. The purpose of the second clinical 
sub-study using 63 patients is to validate the accuracy of 
this quantitative method. The first specific hypothesis of 
this study is that the averaged center of the direct at- 
tachment of the AM bundle midsubstance fibers may be 
located at a specific o'clock orientation and at a fixed 
distance from the POIN in the 3-dimensional clock sys- 
tem. The second hypothesis is that the averaged center 
of the femoral AM tunnel actually created in the pa- 
tients using the developed technique may be identical to 
the averaged center of the above-described anatomical 
AM bundle attachment. 

Methods 

The first anatomic sub-study 
Study design 

In this study, anatomic terminology will be used to 
describe positions of the knee in extension: that is prox- 
imal-distal, anterior-posterior, and medial-lateral. 

Thirty eight fresh frozen cadaveric knees (mean age, 
61 years; range, 31-72 years) were obtained from the 
International Institute for the Advancement of Medicine 
(Jessup, Pennsylvania) with informed consent and per- 
mission from the institutional review board clearance in 
our institute. The knees were stored at -20 degrees 
Celsius were thawed a day before experimentation and 
kept moist with water spray. The femur and tibia were 
cut approximately 20 cm from the joint line. We re- 
moved all muscles and tendons around the knee joint as 
well as the joint capsule. We carefully removed the syn- 
ovial membrane around the ACL. The shape and func- 
tion of the AM and PL bundles were observed at various 
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angles of knee flexion. The 2 bundles were identified on 
the basis of their orientations and tension under anterior 
drawer forces and internal and external torque. Then, 
the ACL was bluntly separated into the two bundles 
(Figure 1). The ligaments were transected and the femur 
was disarticulated from the tibia. Then, each bundle of 
the ACL was transected with a knife so that 1-mm long 
ligament fibers were left at the femoral attachment. We 
perpendicularly inserted a marker pin, which had a 
spherical red-colored head having a diameter of 2 mm, 
at the center of the femoral attachment of the AM mid- 
substance fibers. 

The femur was fixed to a custom-made stainless steel 
stand with a clamp so that the axis of the distal femoral 
shaft was horizontal. A single-lens reflex digital camera 
(Nikon D40, Tokyo, Japan) was secured to a stand lo- 
cated 1 m away from the femur. A photograph of the 
femoral notch was taken in an accurate axial-anterior 
view (Figure 2A). Then, the medial femoral condyle was 
removed with a bone saw to laterally observe the ACL 
attachment site, as described by Zavras and Amis [37]. 
The digital camera was secured to a stand located 1 m 
away from the femur. A photograph of the lateral 




Figure 1 The photograph of the AMB and PLB of the ACL in 
the axial view. The ACL was bluntly separated into the two 
bundles. Note that the AM bundle attaches on the cylindrical 
surface of the femoral intercondylar notch around its proximal/ 
posterior outlet. PCL: Posterior cruciate ligament, AMB: Anteromedial 
bundle, PLB: Posterolateral bundle. 
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Figure 2 The photographs of the femoral notch in the axial 
view and the lateral view. On a photograph taken in the axial 
view (A), we drew a circle superimposed onto the cylindrical roof 
and lateral wall around the POIN. Then, we drew a diameter of this 
circle which was perpendicular to the posterior condyle (PC) line. 
Then, the center of the red marker was measured with the so-called 
"clock" system. On a photograph taken in the lateral view (B), we 
drew a reference line of the femoral shaft (FS) axis. Then, we drew 2 
lines, which were perpendicular to the reference line and passing 
the center of the femoral attachment of the AM mid-substance 
fibers (a red marker) and the POIN, respectively. A distance between 
the 2 lines was defined as Distance D. 



femoral condyle was taken in an accurate lateral view 
(Figure 2B). 

Measurement 

We measured the center of the femoral attachment of 
the AM mid-substance fibers using the 3-dimensional 
clock system, according to Edwards et al [36]. On the 
picture taken in the distal view, we superimposed a cir- 
cle onto the cylindrical roof and lateral wall at the POIN. 
Then, we drew a diameter of this circle which was per- 
pendicular to the posterior condyle line. The 6 o'clock 
and 12 o'clock orientation was defined by this diameter. 
Then, the center of the red marker was measured with 
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the so-called "clock" expression system (Figure 2A). On 
the picture in the lateral view, we drew a reference line 
of the axis of the distal femoral shaft. Then, we drew 2 
lines, which were perpendicular to the reference line and 
passing through the center of the red marker and the 
POIN, respectively. The distance between the 2 lines, 
which was defined as Distance D, was measured (Fig- 
ure 2B). Thus, the center of the AM bundle attachment 
was 3-dimensionally determined by 2 measured values, 
the "time" and the distance D. 

Additionally, to compare the results of the present study 
with those in the previously reported studies, we 
superimposed a measurement grid [30] onto the lateral 
view photograph, using the roof of the intercondylar notch 
as a reference line. Then, the grid was divided into 16 
zones (Figure 3). We also defined the X-Y coordinate sys- 
tem on this grid. Namely, the roof line of the intercondylar 
notch was defined as an X-axis. The most proximal line of 
the grid lines which were perpendicular to the X-axis was 
defined as a Y-axis. Then, on this X-Y coordinate system, 
the coordinate of the center of the femoral attachment of 
the AM mid-substance fibers, (Xc, Yc), was defined as fol- 
lows: Xc was defined as the distance between the center 
and the Y axis, and Yc was defined as the distance between 
the center and the X axis (Figure 3). 




Figure 3 Positions of the centers of tlie AM tunnel witiiin the 
measurement grid on the lateral view photograph of the 
lateral femoral condyle. We superimposed a measurement grid 
[30] onto tlie lateral view photograph, using the roof of the intercon 
dylar notch as a reference line. Then, the grid was divided into 16 
zones. We also defined the X-Y coordinate system on this grid. The 
cordinate of the center of the femoral attachment of the AM mid- 
substance fibers, (Xc, Yc), was defined as follows: Xc was defined as 
the distance between the center and the Y axis, and Yc was defined 
as the distance between the center and the X axis. 



The second clinical evaluation sub-study 

The newly developed quantitative technique to insert a 

guide wire 

Based on the results of the first anatomical sub-study, we 
developed a clinically available quantitative technique 
using the 3-dimensional clock system to insert a guide 
wire at the averaged center of the femoral attachment of 
the AM mid-substance fibers. The results of the first sub- 
study showed that the averaged center was located at 
"1:23" or "10:37" o'clock orientation. In the actual tech- 
nique, however, we aimed at "1:30" or "10:30" orientation, 
because this degree, an eighth of a circle, could be easily 
detected by a surgeon in the arthroscopic visual field and 
the difference was clinically negligible. Thus, the concept 
of this quantitative technique was to insert the guide 
wire at the point with "1:30" or "10:30" o'clock orientation 
and a distance D of 5 mm from the POIN on the 3- 
dimensional clock system. To achieve this concept, we 
used the following technique: We commonly used the 
transtibial procedure, the essence of which is to drill a tib- 
ial AM tunnel prior to femoral tunnel creation so that the 
tibial tunnel axis approximately passed at the center of the 
femoral attachment of the AM mid-substance fibers 
[15,18,22,35]. Therefore, through the tibial tunnel, we in- 
troduced a 5-mm offset guide (Transtibial Femoral ACL 
Drill Guide, Arthrex, Inc., Naples, FL, USA) into the joint 
cavity, and easily set the hook-shaped tip of this guide at 
the "over-the-top" portion of the lateral condyle at 90 - 
100 degrees of knee flexion. Keeping the hook at this 
point, we rotated the offset guide so that the tip of a guide 
wire inserted through the guide was aimed at the "1:30" or 
"10:30" o'clock orientation in the arthroscopic visual field 
(Figure 4). It is critical to manually force the guide to be 
sufficiently rotated, although this is not the usual method 
for use of this guide. Then, we inserted a guide wire into 
the femur. 

Patients and study design 

We conducted a prospective evaluation study with 
patients who underwent anatomic double-bundle ACL 
reconstruction using the above-described quantitative 
technique to insert a guide wire for AM bundle recon- 
struction. In subjects who accepted to participate in this 
study, we took the "transparent 3-dimensional computed 
tomography" (T-3D CT) of the knee in the extended 
position based on a previous study [38] one to two 
weeks after surgery. The T-3D CT images were taken 
using a Light Speed Ultra (8Das) Helical scan, GE, 
Milwaukee, USA, and the images were processed by 
using a workstation (ZIO M900 Quadra, Tokyo, Japan). 
By condensing the CT value (minimum threshold 
100-160), a number of pixels on the bone surface 
remained, but the opacity of all the other bone tunnel 
pixels decreased to produce highly transparent (volume- 
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Figure 4 An offset guide position in arthroscopic view by use 
of lateral infrapatellar portal. A quantitative surgical teclinique to 
insert a guide wire for AM bundle reconstruction. Through the tibial 
tunnel, a hook-shaped tip of a 5-mm offset guide (G) was set at the 
"over-the-top" portion of the lateral condyle at 90 - 100 degrees of 
knee flexion, and then, slightly rotated so that the tip of the guide 
wire was aimed at the "1:30" or "10:30" orientation. PCL: Posterior 

cruciate ligament, LFC: Lateral femoral condyle. 

\ J 



rendering) processed T-3D CT images. The dose of radi- 
ation to the l<nee joint was approximately 6 mGy, which 
was the same as that in standard CT imaging. During 
scanning, the patients wore protective clothing and only 
the knee was exposed. All patients were informed that, if 
they did not want to participate in this study, we did not 
take T-3D CT images. This clinical study design had been 
accepted by the institutional review board in our hospital 
prior to commencement, based on the above -described 
study design. 

Thus, 63 patients (43 men and 20 women) took part 
in this prospective study in 2009. Their mean age was 28 
years (ranging from 13 to 55 years). The mean interval 
between time of the injury and the operation was 2.4 
months (ranging from 1 to 36 months). Meniscus injur- 
ies were found in 35 knees. Of these, 10 menisci were 
partially resected, and the remaining 25 were sutured. 
One senior orthopedic surgeon (##) performed all opera- 
tions. Anatomic double-bundle ACL reconstruction was 
carried out with the previously reported procedure 
[15,18] including the above-described quantitative surgi- 
cal technique to insert a guide wire. 

ACL reconstruction procedure 

We performed anatomic double-bundle ACL recon- 
struction using the transtibial technique, in which two 
tibial tunnels were created so that each tunnel axis line 
passed through the center of the femoral attachment of 
the midsubstance fibers of the AM or PL bundle [15,18]. 
To create such tunnels, we used a Wire -navigator (Smith 
& Nephew Endoscopy, Japan). The "Navi-tip" portion of 



this devise was introduced into the joint cavity through 
the medial infrapatellar portal. The surgeon held the 
tibia at 90 degrees of knee flexion, keeping the femur 
horizontal. The tibial indicator of the Navi-tip was 
placed at the center of the PL or AM bundle attachment 
on the tibia. Then, keeping the tibial indicator at this 
point, we aimed the femoral indicator at the center of 
the femoral attachment of the midsubstance fibers of the 
AM or PL bundle. Specifically for the AM bundle recon- 
struction, we then aimed the femoral indicator at the 
center of the femoral attachment of the AM bundle, 
which was determined in the first sub-study, at 90 de- 
grees of knee flexion. Then, the direction of the Wire 
Sleeve and the insertion point of a guide wire on the 
AM aspect of the tibia were automatically decided. After 
a guide wire was drilled into the tibia, two tibial tunnels 
were created with a cannulated drill corresponding to 
the measured diameter of the prepared tendon graft. 

Using the above-described quantitative technique, we 
inserted a wire through the tibial tunnel into the aver- 
aged center of the femoral attachment of the mid- 
substance fibers of the AM bundle. Using this wire as a 
guide, a tunnel was made with a 4.5-mm cannulated 
drill. The length of the tunnel was measured with a 
scaled probe. Then, the portal for the arthroscope was 
changed to the medial infrapatellar portal. The surgeon 
again held the tibia at 90 degrees of knee flexion, keep- 
ing the femur horizontal. The surgeon inserted a guide 
wire at the center of the PL bundle attachment on the 
femur through the tibial tunnel. A 4.5 mm-diameter 
tunnel was drilled, and its length was measured in the 
same manner. Finally, 2 sockets were created for the 
AM and PL bundles, respectively, with cannulated drills 
for the EndoButton fixation system (Smith & Nephew 
Endoscopy), the diameters of which were matched to the 
2 grafts. The doubled hamstrings tendon grafts were 
fixed with an Endobutton-CL-BTB at the femoral end 
and with a tape and two staples at the tibial end. 

Measurement of the CT image 

The greatest feature of the T-3D CT image was that we 
could obtain an accurate axial view of the intercondylar 
notch (Figure 5A). The lateral view was obtained by over- 
lapping the medial and lateral femoral condyles in the 
image, according to Cole et al [39] (Figure 5B). The T-3D 
CT images simultaneously depicted the femoral tunnels 
and the outer margin of the femoral cortex. On the axial 
and lateral view images, the center of the actually created 
AM tunnel was measured by using the above-described 3- 
dimensional clock system (Figure 5A and B), as in the first 
sub-study. In addition, to compare the results between the 
first and second sub-studies, we superimposed the same 
measurement grid as used in the first sub-study onto the 
lateral T-3D CT image, using the roof of the intercondylar 
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Figure 5 The T-3D CT images of the femoral notch in the axial 
view and the lateral view. On a photograph taken in the axial 
view (A) and the lateral view (B), the center of an actually created 
AM tunnel was measured by using the same 3-dimensional clock 
system as used in the first sub-study (PC and FA: See Figure 4). 



notch as a reference line (Figure 6). On this grid, we de- 
fined the coordinates of the center of the femoral AM tun- 
nel, (Xc, Yc), as in the first sub-study. 

Statistical analysis 

Statistical analysis used the Students t test and the 
chi-square test to compare the averaged center of the ac- 
tually created AM tunnels, which was evaluated in the 
second sub-study with the averaged center of the normal 
AM bundle attachment on the femur, which was deter- 
mined in the first sub-study. In this study, the power 
values were 0.96 or more. 

Results 

The first anatomical sub-study 

In the axial view from the distal direction, the averaged 
center of the direct attachment of the AM bundle 




Figure 6 Positions of the centers of the AM tunnel within the 
measurement grid on the T-3D CT image of the lateral femoral 
condyle. The same measurement grid as used in the first sub-study 
was superimposed onto the T-3D CT image taken in the lateral view. 
On this grid, the coordinate of the center of the femoral AM tunnel, 
(Xc, Yc), was defined in the same manner as used in the first sub-study 
(See Figure 5). 



midsubstance fibers was located at "10:37" (or "1:23") 
o'clock orientation with the standard deviation of 20 mi- 
nutes (Table 1). In the lateral view, the averaged Distance 
D was 5.0 mm with the standard deviation of 1.2 mm 
(Table 1). According to the above-defined grid system, the 
center of the direct attachment of the AM bundle 
midsubstance fibers was located in zone CI for 18 knees 
(47.4%), in zone Dl for 14 knees (36.8%), in zone C2 of 5 
knees (13.2%), and in zone D2 for 1 knee (2.6%). On this 
grid, the mean Xc coordinate of the averaged center of the 
AM bundle attachment was 25.8 (%), and the mean Yc 
coordinate of that was 20.7 (%). 

The second clinical sub-study 

In the axial distal view, the averaged center of the fem- 
oral AM tunnel was located at "10:41" (or "1:19") o'clock 
orientation (Table 1). In the lateral view, the averaged 
Distance D was 5.0 mm (Table 1). In comparison of the 
results between the first and second studies, there were 
no significant differences in the o'clock orientation and 
D values (P=0.2998, and P=0.9496, respectively) between 
the centers in the 2 sub-studies. According to the above- 
defined grid system, the center of the direct attachment 
of the AM bundle midsubstance fibers was located in 
zone CI for 45 knees (71.4%), in zone Dl for 11 knees 
(17.5%), in zone C2 for 5 knees (7.9%), and in zone D2 
for 2 knees (3.2%). There was no significant difference 
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Table 1 Summary of the 2 sub-studies: the anatomical 
study of the averaged center of the AM bundle 
attachment on the femur (Sub-study I) and the averaged 
center of the actually created femoral tunnel for AM 
bundle reconstruction (Sub-study II). Each value shows 
"the average (Standard deviation)" 





Sub-study 1 
(n=38) 


Sub-study II 
(n=63) 


P-value 


Power 


Orientation (o'clocl<) 


10:37 (0:20) 


10:41 (0:18) 


p=0.2998 


1.0 


Distance D (mm) 


5.0 (1.2) 


5.0 (1.1) 


p=0.9496 


1.0 


Xc (%) 


25.8 (3.1) 


26.7 (1.9) 


p=0.0841 


0.97 


Yc (%) 


20.7 (5.2) 


19.6 (4.9) 


p=0.2722 


0.96 



The o'clock orientation shows the value in the right knee. 



between the two sub-studies (Chi-square test, P=0.0907). 
On this grid, the mean Xc coordinate of the averaged cen- 
ter of the AM bundle attachment was 267 (%), and the 
mean Yc coordinate of that was 19.6 (%) (Table 1). In com- 
parison of the results between the first and second studies, 
there were no significant differences in the Xc and Yc 
values (P=0.0841 and P=0.2722, respectively; Table 1). 

Discussion 

The most important finding of the present study was that 
this first anatomical sub-study clarified where the averaged 
center of the direct attachment of the AM bundle 
midsubstance fibers was located on the cylindrical surface 
of the femoral intercondylar notch around its proximal 
outlet. Namely, the averaged center was located at "10:37" 
(or "1:23") o'clock orientation in the distal view and at 5.0- 
mm from the POIN in the lateral view. Edwards et al [36] 
reported that the averaged center was located at 1:30 or 
10:30 o'clock orientation and 4.7 mm to the POIN on the 
same 3-dimensional clock system. The results of these 2 
studies observed from distal and proximal directions, re- 
spectively, are similar. Therefore, the present study results 
are reliable, and provide more direct information to 
arthroscopic AM bundle reconstruction, which was 
performed in the distal view. Namely, the results enabled 
us to develop the quantitative guideline to insert a guide 
wire at the averaged center of the direct attachment of the 
AM bundle midsubstance fibers for anatomic double- 
bundle ACL reconstruction. 

On the other hand, previous anatomical studies using 
the 2-dimensional coordinate systems have reported dif- 
ferent locations of the averaged center of the direct 
attachment of the AM bundle midsubstance fibers: 
[28,29,31,32] The mean Xc coordinate varied froml7.8% 
to 31.9%, and the mean Yc coordinate varied from 22.3% 
to 26.9%. In the present study, the averaged center, 
which was located 3-dimensionally, was represented in 
the 2-dimensional coordinate system as follows: The 
mean Xc coordinate was 25.8%, and the mean Yc coord- 
inate was 20.7%. The variations of the Xc and Yc values 



between the studies are considered to be due to the dif- 
ferences in definition of the X-Y coordinate system as 
well as the definition of the lateral view of the knee. In 
addition, we should note that the 2-dimensinal coordin- 
ate systems cannot be used when a surgeon inserts a 
guide wire into the averaged center of the AM bundle 
attachment in an arthroscopic visual field. In contrast, 
the 3-dimensional clock system used in the present 
study is clinically useful because it can be used easily by 
surgeons during arthroscopic ACL reconstruction. 

In our clinical sub-study, there was no significant dif- 
ference between the averaged center of the femoral AM 
tunnel actually created in the 63 patients and the aver- 
aged center of the anatomical AM bundle attachment. 
Because the standard deviation of the center of the cre- 
ated tunnel was quite little (18 minutes around the 
clock' and 1.1 mm from the POIN), we believe that the 
accuracy of this technique was sufficiently high, and that 
the theoretical concept of this technique was realized in 
anatomic double-bundle ACL reconstruction. This sub- 
study demonstrated that the quantitative technique is 
useful for anatomical AM bundle reconstruction. The 
accuracy of this technique is considered to be supported 
by the following 2 factors. First, the 3-dimensional clock 
system used in this study is suitable to express the 
center of the 3-dimensional attachment of the AM bun- 
dle, which is on the cylindrical surface of the femoral 
intercondylar notch [28,29,31,32]. Secondly, our surgical 
technique is quantitative, using an offset guide which 
matched the measured Distance D. It was quasi- 
quantitative to estimate the "1:30" o'clock orientation in 
an arthroscopic visual field, because it was easy for expe- 
rienced surgeons to estimate an eighth of a circle. We 
believe that this quantitative technique is simple and 
clinically useful to precisely create the femoral AM tun- 
nel at the averaged center of the direct attachment of 
the AM bundle midsubstance fibers. The concept of this 
technique using the 3-dimensional clock system can be 
applicable to all procedures in which surgeons intend to 
create a femoral AM tunnel at the averaged center of 
the AM bundle attachment. In addition, this surgical 
concept may be applicable to a navigation or robotic sys- 
tem for anatomic ACL reconstruction in the near future. 

We have used the transtibial technique in our ana- 
tomic double-bundle ACL reconstruction procedure. 
We should note that the essence of the transtibial pro- 
cedure is to drill a tibial tunnel so that the tunnel axis 
was aligned approximately towards the targeted point on 
the femur [35]. Once the tibial AM tunnel was appropri- 
ately created, the above-described quantitative technique 
to create the femoral AM tunnel was easy. However, if 
the AM tibial tunnel was inappropriately created, the 
present technique may be difficult. Therefore, it is im- 
portant to create the appropriate tibial AM tunnel. To 
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create such a tibial tunnel, some devices are reported to 
be helpful for surgeons [11,15,35]. To achieve this con- 
cept with high reproducibility, we developed the 
guidewire navigator [11,15,35]. This hole-in-one guide 
allowed surgeons to imagine the intra-articular position 
and the direction of each bundle to be reconstructed, 
and to determine the extraarticular insertion point on 
the tibia for a guidewire, which was located directly on 
the axis of the bundle. In addition, the authors believe 
that our previously reported data [40] on the axis of the 
tibial tunnels is of value for surgeons who perform ana- 
tomic double-bundle ACL reconstruction, because these 
angle values may provide references for the creation of 
appropriate tunnels in the tibia for surgeons who want 
to follow this procedure. It is also a critical technique to 
force the offset guide to be sufficiently rotated so that 
the guidewire aims at the 1:30 or 10:30 orientation. Al- 
though we could successfully rotate the currently used 
offset guide, improvement of the guide may be necessary 
in the near future for every surgeon to more easily insert 
a guidewire. Then, the 3-dimensional data concerning 
the center of the AM bundle attachment, obtained from 
the present study, will contribute to the improvement. If 
a surgeon use an AM portal in this double-bundle pro- 
cedure, this 3-dimentional data will be helpful to create 
the femoral AM tunnel. However, a surgeon should take 
an attention for the difference of knee angle between the 
transtibial and AM portal techniques, because the 
3-dimensional clock circle was located on the femoral 
intercondylar notch which was perpendicular to the axis 
of the femoral shaft in this study. On the other hand, 
this technique cannot be applied so easily to the PL 
tunnel creation. Because the PL bundle attaches on the 
relatively flat postero-distal surface of the femoral 
intercondylar notch, the center of the PL bundle attach- 
ment can more easily be defined using a 2-dimensional 
coordinate system [38]. 

In previous literature, a few studies reported the pos- 
ition of the femoral AM tunnel actually created in 
patients, using 2-dimensional systems [12,31,33]. The re- 
sults vary widely. The reasons may include that the pre- 
vious studies did not use any quantitative techniques to 
insert a guide wire to create the femoral AM tunnel. In 
the existing literature, no studies have evaluated the 
femoral AM tunnel position with the 3-dimensional sys- 
tem. Therefore, we cannot compare the results of the 
present study with those of the previous literature. 

In our surgical strategy, we intended to create the 
femoral AM tunnel at the averaged center of the direct 
attachment of the AM bundle midsubstance fibers in 
every patient. There may be some criticisms as to our 
strategy. The first criticism is that we should not create 
the femoral AM tunnel at the averaged center, but cre- 
ate it at the real center of an individual patient. This 



criticism is theoretically correct. However, it is impos- 
sible to precisely identify the real center of the AM 
bundle attachment in an individual patient. In contrast, 
the standard deviation of the averaged center of the 
AM bundle attachment was only 1.2 mm, which was 
sufficiently minimal in comparison with the relatively 
wide area of the AM bundle attachment. We believe 
that our quantitative strategy is clinically useful to pre- 
cisely create the femoral AM tunnel at an acceptable 
point in every patient. The second criticism is that we 
should create the femoral AM tunnel between the resi- 
dent s ridge and the articular cartilage margin on the 
lateral femoral condyle [8,27]. This area includes the at- 
tachment of both mid-substance fibers and fan-like ex- 
tension fibers. However, many biomechanical studies 
have shown that the femoral AM tunnel created at the 
center of the direct attachment of the AM bundle 
midsubstance fibers can restore the functions close to 
the normal AM bundle [11-13,41-45]. Therefore, we 
believe that it is reasonable to create the AM tunnel at 
the averaged center of the direct attachment of the AM 
bundle midsubstance fibers. The third criticism is that 
the distance D may be greater than 5 mm in patients 
who have a much larger knee (which is correlated to 
the body size) than our patients, who have a relatively 
narrow range between 150 cm and 179 cm of body 
height. However, even for a patient 185 cm tall, the 5 
mm offset will only increase proportionally to 5.6 mm 
in relation to our set of knees based on donors around 
165 cm tall. 

Conclusions 

The anatomical study showed that the averaged center of 
the direct attachment of the AM bundle midsubstance 
fibers was located on the cylindrical surface of the femoral 
intercondylar notch around its proximal outlet at "10:37" 
(or "1:23") o'clock orientation in the distal view and at 
5.0-mm from the POIN in the lateral view. 

Based on these data, we developed a technique to insert 
a guide wire at this point, using a 5-mm offset guide at the 
"over-the-top" portion of the lateral condyle, and we ro- 
tated the offset guide so that the tip of a guide wire 
inserted through the guide was aimed at the "1:30" or 
"10:30" o'clock orientation in the arthroscopic visual field. 

The clinical study validated this method: the AM tun- 
nel actually created in ACL reconstruction was located 
at "10:41" (or "1:19") o'clock orientation in the average 
and 5.0-mm from the POIN. There was no significant 
difference between the averaged center of the femoral 
AM tunnel actually created in the 63 patients and the 
averaged center of the anatomical AM bundle attach- 
ment. The present study demonstrated that the quantita- 
tive technique is useful with the high accuracy for 
anatomical AM bundle reconstruction. 
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